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(57) During operation with part load, a gasoline in- 
ternal combustion engine is operated with a lean air/fuel 
mixture by auto-ignition. During operation with full load, 
spark-ignition is used to operate the engine. The internal 
combustion engine is operated in three auto-ignition 
combustion modes depending upon magnitude of a pre- 
determined operating parameter. The operating param- 
eter is indicative of the engine load orthe engine speed. 
The three auto-ignition combustion modes are a gaso- 
line reform auto-ignition combustion mode, an auto-ig- 
nition stratified charge combustion mode, and an auto- 
ignition homogeneous charge combustion mode. In the 



gasoline reform auto-ignition combustion mode that 
may be selected during operation with low part load, a 
firstfuel injection during an exhaust gas retaining phase 
produces sufficient amount of active fuel radicals for 
promotion of auto-ignition of air/fuel mixture produced 
by a second fuel injection during the subsequent com- 
pression phase. In the auto-ignition stratified charge 
combustion mode that may beselected during operation 
with intermediate part load, a fuel injection during com- 
pression phase supports auto-ignition. In the auto-igni- 
tion homogeneous charge combustion mode that may 
be selected during operation with high part load, a fuel 
injection during intake phase supports auto-ignition. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0001] The present invention relates to a system and 
a method for an auto-ignition of gasoline internal com- 
bustion engine that runs under lean burn and controlled 
auto-ignition combustion conditions during operation 
with part load. 

2. Description of Related Art 

[0002] To improve thermal efficiency of gasoline inter- 
nal combustion engines, lean burn is known to give en- 
hanced thermal efficiency by reducing pumping losses 
and increasing ratio of specific heats. Flatly speaking, 
lean burn is known to give low fuel consumption and low 
NOx emissions. There is however a limit at which an 
engine can be operated with a lean air/fuel mixture be- 
cause of misfire and combustion instability as a result 
of a slow burn. Known methods to extend the lean limit 
include improving ignitability of the mixture by enhanc- 
ing thef uel preparation, for example using atomized fuel 
or vaporized fuel, and increasing the flame speed by in- 
troducing charge motion and turbulence in the air/fuel 
mixture. Finally, combustion by auto-ignition has been 
proposed for operating an engine with very lean air/fuel 
mixtures. 

[0003] When certain conditions are met within a ho- 
mogeneous charge of lean air/fuel mixture during low 
load operation, auto-ignition can occur wherein bulk 
combustion takes place initiated simultaneously from 
many ignition sites within the charge, resulting in very 
stable power output, very clean combustion and high 
thermal efficiency. NOx emission produced in controlled 
auto-ignition combustion is extremely low in comparison 
with spark ignition combustion based on propagating 
flame front and heterogeneous charge compression ig- 
nition combustion based on an attached diffusion flame. 
In the latter two cases represented by spark ignition en- 
gine and diesel engine, respectively, the burnt gas tem- 
perature is highly heterogeneous within the charge with 
very high local temperature values creating high NOx 
emission. By contrast, in controlled auto-ignition com- 
bustion where the combustion is uniformly distributed 
throughout the charge from many ignition sites, the 
burnt gas temperature is substantially homogeneous 
with much lower local temperature values resulting in 
very low NOx emission. 

[0004] Engines operating under controlled auto-igni- 
tion combustion have already been successfully dem- 
onstrated in two-stroke gasoline engines using a con- 
ventional compression ratio. It is believed that the high 
proportion of burnt gases remaining from the previous 
cycle, i.e., the residual content, within the two-stroke en- 
gine combustion chamber is responsible for providing 



the hot charge temperature and active fuel radicals nec- 
essary to promote auto-ignition in a very lean air/fuel 
mixture. In four-stroke engines, because the residual 
content is low, auto-ignition is more difficult to achieve, 
5 but can be induced by heating the intake air to a high 
temperature or by significantly increasing the compres- 
sion ratio. 

[0005] In all the above cases, the range of engine 
speeds and loads in which controlled auto-ignition com- 

10 bustion can be achieved is relatively narrow. The fuel 
used also has a significant effect on the operating range, 
for example, diesel fuel and methanol fuel have wider 
auto-ignition ranges than gasoline fuel. 
[0006] An auto-ignition, which is induced by heating 

15 fuel and significantly increasing the compression ratio, 
in four-stroke gasoline engine is described in US-A 
5,535,71 6, which claims priority of Japanese patent ap- 
plication No. 6-150487 that was laid open as JP-A 
7-332141 on December 22, 1995. Gasoline fuel is in- 

20 jected inside the intake port a considerable amount of 
time before the intake valve is open so that the mixture 
of air and gasoline in the intake port is sufficiently heated 
before entering the combustion chamber. The mixture 
is ignited by compression ignition performed at high 

25 pressure. Since the gasoline fuel injected in the intake 
port is completely evaporated before entering the com- 
bustion chamber, reliable compression ignition is 
achieved. The compression ratio ranges from about 14 
to about 20. Use of a compression ratio of 17.7 is de- 

30 scribed as the most preferred implementation in this 
publication. Injection of the gasoline fuel is performed 
during a predetermined period from 10 degrees of 
cran kshaft angle before the intake valve is closed to 1 1 0 
degrees of crankshaft angle before the intake valve is 

35 opened. 

[0007] JP-A 11-72038 describes a technique to avoid 
knocking in a compression ignition diesel engine. Ac- 
cording to this known technique, an amount of diesel 
fuel less as much as 30 percent of the maximum amount 

40 of fuel is injected during a period from about 90 degrees 
of crankshaft angle before top dead center (TDC) of 
compression stroke to about 20 degrees of crankshaft 
angle before the TDC. This first injection of diesel ac- 
complishes sufficient oxidation of fuel by the time the 

45 piston ascends to TDC of the compression stroke. At 
around the TDC, a second injection of diesel is per- 
formed to initiate burning of the injected diesel. This 
knocking avoidance technique cannot be applied to 
compression ignition of gasoline fuel that has a low ce- 

50 tane number. 

[0008] The present invention seeks to provide a sys- 
tem and a method for operating an internal combustion 
engine such that lean burn of gasoline fuel due to con- 
trolled auto-ignition takes over the engine operation 

55 over an extended range of an engine operation param- 
eter indicative of the engine speed or the engine load. 
[0009] An object of the present invention is to provide 
a system and a method for an auto-ignition of gasoline 
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internal combustion engine such that parameters con- 
trolling the cylinder content including gasoline fuel are 
adjusted to cause an auto-ignition over an extended 
range of an engine operation parameter. 
[0010] Another object of the present invention is to 
provide a computer readable storage device or medium 
for a system and a method for an auto-ignition of gaso- 
line internal combustion engine such that parameters 
controlling the cylinder content including gasoline fuel 
are adjusted to cause an auto-ignition over an extended 
range of an engine operation parameter. 

SUMMARY OF THE INVENTION 

[0011] In carrying out the present invention, a system 
for an auto-ignition of gasoline internal combustion en- 
gine is provided. The system comprises: 

a cylinder; 

a piston disposed within said cylinder for reciprocat- 
ing motion to define a combustion chamber; 
intake means for admitting fresh air into said cylin- 
der; 

a fuel injector directly communicating with said 
combustion chamber; 

exhaust means for discharging exhaust gas result- 
ing from combustion within said cylinder; and 
a control unit adjusting opening and closing timings 
of said intake means and opening and closing tim- 
ings of said exhaust means such that said piston 
reciprocates within said cylinder to perform an ex- 
haust phase, an exhaust gas retaining phase, an 
intake phase, a compression phase, and an expan- 
sion phase, wherein said intake means and exhaust 
means being closed to retain exhaust gas within 
said cylinder during said exhaust gas retaining 
phase, 

said control unit providing a first start time of a first 
fuel injection by said fuel injector during said ex- 
haust gas retaining phase and a second start time 
of a second fuel injection by said fuel injector during 
said compression phase, 

said control unit determining a portion of total fuel 
quantity and the remainder of said total fuel quan- 
tity, 

said control unit determining a first fuel injection 
control signal indicative of said portion of said total 
fuel quantity and applying said first fuel injection 
control signal to said fuel injector at said first start 
time to control fuel quantity injected for said firstfuel 
injection, 

said control unit determining a second fuel injection 
control signal indicative of the remainder of said to- 
tal fuel quantity and applying said second fuel injec- 
tion control signal at said second start time to con- 
trol fuel quantity injected for said second fuel injec- 
tion, 

said remainder of said total fuel quantity being pro- 



portional to the engine load of the internal combus- 
tion engine. 

[0012] In carrying out the present invention, one em- 
5 bodiment provides a system for an auto-ignition of gaso- 
line internal combustion engine comprising: 



a cylinder; 

a piston disposed within said cylinderfor reciprocat- 
10 ing motion to define a combustion chamber; 

intake means for admitting fresh air into said cylin- 
der; 

a fuel injector directly communicating with said 
combustion chamber; 

15 exhaust means for discharging exhaust gas result- 
ing from combustion within said cylinder; and 
a control unit selecting one of a gasoline reform au- 
to-ignition combustion mode and an auto-ignition 
combustion mode in response to magnitude of an 

20 operating parameter indicative of one of the engine 
load and the engine speed of the internal combus- 
tion engine, 

said control unit being operative during selection of 
said gasoline reform auto-ignition combustion 

25 mode to adjust opening and closing timings of said 
intake means and opening and closing timings of 
said exhaust means such that said piston recipro- 
cates within said cylinder to perform an exhaust 
phase, an exhaust gas retaining phase, an intake 

30 phase, a compression phase, and an expansion 
phase, 

said control unit being operative during selection of 
said gasoline reform auto-ignition combustion 
mode to provide a first start time of a first fuel injec- 
35 tion by said fuel injector during said exhaust gas re- 
taining phase and a second start time of a second 
fuel injection by said fuel injector during said com- 
pression phase. 

said control unit determining total fuel quantity to be 
40 injected in response to engine load of the internal 
combustion engine, 

said control unit being operative during selection of 
said gasoline reform auto-ignition combustion 
mode to determine a portion of and the remainder 
45 of said determined total fuel quantity, 

said control unit being operative during selection of 
said gasoline reform auto-ignition combustion 
modeto determine a first fuel injection control signal 
indicative of said portion of said determined total fu- 
se el quantity and applying said first fuel injection con- 
trol signal to said fuel injector at said first start time 
to control fuel quantity injected for said first fuel in- 
jection. 

said control unit being operative during selection of 
55 said gasoline reform auto-ignition combustion 
mode to determine a second fuel injection control 
signal indicative of the remainder of said deter- 
mined total fuel quantity and applying said second 
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fuel injection control signal at said second start time 
to control fuel quantity injected for said second fuel 
injection. 

[0013] In carrying out the present invention, a compu- 
ter readable storage device is provided. The computer 
readable storage device has stored therein data repre- 
senting instructions executable by a computer to imple- 
ment an auto-ignition of gasoline internal combustion 
engine. The engine has a piston disposed in a cylinder 
for reciprocating motion to define a combustion cham- 
ber, intake means for admitting fresh air into the cylinder, 
a fuel injector directly communicating with the combus- 
tion chamber, and exhaust means for discharging ex- 
haust gas resulting from combustion within the cylinder, 
wherein opening and closing timings of the intake 
means and opening and closing timings of the exhaust 
means are adjustable. The computer readable storage 
device comprises: 

instructions for adjusting opening and closing tim- 
ings of the intake means and opening and closing 
timings of the exhaust means such that the piston 
reciprocates within the cylinder to perform an ex- 
haust phase, an exhaust gas retaining phase, an 
intake phase, a compression phase, and an expan- 
sion phase; 

instructions for providing a first start time of a first 
fuel injection bythefuel injector during said exhaust 
gas retaining phase and a second start time of a 
second fuel injection by the fuel injector during said 
compression phase; 

instructions for determining a portion of total fuel 
quantity and the remainder of said total fuel quan- 
tity; 

instructions for determining a first fuel injection con- 
trol signal indicative of said portion of said total fuel 
quantity and applying said first fuel injection control 
signal to the fuel injector at said first start time to 
control fuel quantity injected for said first fuel injec- 
tion; and 

instructions for determining a second fuel injection 
control signal indicative of the remainder of said to- 
tal fuel quantity and applying said second fuel injec- 
tion control signal to the fuel injector at said second 
start time to control fuel quantity injected for said 
second fuel injection. 

[0014] In carrying out the present invention, there is 
further provided a computer readable storage device 
having stored therein data representing instructions ex- 
ecutable by a computer to implement an auto-ignition of 
gasoline internal combustion engine, the engine having 
a piston disposed in a cylinder for reciprocating motion 
to define a combustion chamber, intake means for ad- 
mitting fresh air into the cylinder, a fuel injector directly 
communicating with the combustion chamber, and ex- 
haust means for discharging exhaust gas resulting from 



combustion within the cylinder, wherein opening and 
closing timings of the intake means and opening and 
closing timings of the exhaust means are adjustable, the 
computer readable storage device comprising: 

5 

instructions for selecting one of a gasoline reform 
auto-ignition combustion mode and an auto-ignition 
combustion mode in response to magnitude of an 
operating parameter indicative of one of the engine 
10 load and the engine speed of the internal combus- 
tion engine; 

instructions for adjusting, during selection of said 
gasoline reform auto-ignition combustion mode, 
opening and closing timings of the intake means 

15 and opening and closing timings of the exhaust 
means such that the piston reciprocates within the 
cylinder to perform an exhaust phase, an exhaust 
gas retaining phase, an intake phase, a compres- 
sion phase, and an expansion phase; 

20 instructions for providing, during selection of said 
gasoline reform auto-ignition combustion mode, a 
first start time of a first fuel injection by the fuel in- 
jector during said exhaust gas retaining phase and 
a second start time of a second fuel injection by the 

25 fuel injector during said compression phase; 

instructions for determining total fuel quantity to be 
injected in response to engine load of the internal 
combustion engine; 

instructions for determining, during selection of said 
30 gasoline reform auto-ignition combustion mode, a 
portion of and the remainder of said determined to- 
tal fuel quantity; 

instructions for determining, during selection of said 
gasoline reform auto-ignition combustion mode, a 

35 first fuel injection control signal indicative of said 
portion of said determined total fuel quantity and ap- 
plying said first fuel injection control signal to the 
fuel injector at said first start time to control fuel 
quantity injected for said first fuel injection; and 

40 instructions for determining, during selection of said 
gasoline reform auto-ignition combustion mode, a 
second fuel injection control signal indicative of the 
remainder of said determined total fuel quantity and 
applying said second fuel injection control signal to 

45 the fuel injector at said second start time to control 
fuel quantity injected for said second fuel injection. 

[0015] In carrying out the present invention, there is 
provided a method for an auto-ignition of gasoline inter- 
so nal combustion engine, the engine having a piston dis- 
posed in a cylinder for reciprocating motion to define a 
combustion chamber, intake means for admitting fresh 
air into the cylinder, a fuel injector directly communicat- 
ing with the combustion chamber, and exhaust means 
55 for discharging exhaust gas resulting from combustion 
within the cylinder, wherein opening and closing timings 
of the intake means and opening and closing timings of 
the exhaust means are adjustable, the method compris- 
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ing: 

adjusting opening and closing timings of the intake 
means and opening and closing timings of the ex- 
haust means such that the piston reciprocates with- 
in the cylinder to perform an exhaust phase, an ex- 
haust gas retaining phase, an intake phase, a com- 
pression phase, and an expansion phase; 
providing a first start time of a first fuel injection by 
the fuel injector during said exhaust gas retaining 
phase and a second start time of a second fuel in- 
jection by the fuel injector during said compression 
phase; 

determining a portion of total fuel quantity and the 
remainder of said total fuel quantity; 
determining a first fuel injection control signal indic- 
ative of said portion of said total fuel quantity; 
determining a second fuel injection control signal in- 
dicative of the remainder of said total fuel quantity; 
applying said first fuel injection control signal to the 
fuel injector at said first start time to control fuel 
quantity injected for said first fuel injection; and 
applying said second fuel injection control signal at 
said second start time to control fuel quantity inject- 
ed for said second fuel injection. 

[0016] In carrying out the present invention, there is 
provided a method for an auto-ignition of gasoline inter- 
nal combustion engine, the engine having a piston dis- 
posed in a cylinder for reciprocating motion to define a 
combustion chamber, intake means for admitting fresh 
air into the cylinder, a fuel injector directly communicat- 
ing with the combustion chamber, and exhaust means 
for discharging exhaust gas resulting from combustion 
within the cylinder, wherein opening and closing timings 
of the intake means and opening and closing timings of 
the exhaust means are adjustable, the method compris- 
ing: 

selecting one of a gasoline reform auto-ignition 
combustion mode and an auto-ignition combustion 
mode in response to magnitude of an operating pa- 
rameter indicative of one of the engine load and the 
engine speed of the internal combustion engine; 
adjusting, during selection of said gasoline reform 
auto-ignition combustion mode, opening and clos- 
ing timings of the intake means and opening and 
closing timings of the exhaust means such that the 
piston reciprocates within the cylinder to perform an 
exhaust phase, an exhaust gas retaining phase, an 
intake phase, a compression phase, and an expan- 
sion phase; 

providing, during selection of said gasoline reform 
auto-ignition combustion mode, a first start time of 
a first fuel injection by the fuel injector during said 
exhaust gas retaining phase and a second start 
time of a second fuel injection by the fuel injector 
during said compression phase; 



BRIEF DESCRIPTION OF THE DRAWINGS 

[0017] Figure 1 is a block diagram illustrating a sys- 
tem and a method for operation of an internal combus- 
tion engine according to the present invention. 
[001 8] Figure 2 is a schematic diagram of an electro- 
magnetic driver that may be used in a valve control for 
driving an intake or exhaust valve. 
[001 9] Figure 3 is a block diagram illustrating a control 
unit including a computer readable storage media or de- 
vice. 

[0020] Figure 4A shows a schematic diagram of an 
engine cylinder and intake and exhaust valves to per- 
form an exhaust phase. 

[0021] Figures 4B, 4C and 4D show a schematic dia- 
gram of cylinder and valves to perform an exhaust gas 
retaining phase. 

[0022] Figure 4E shows a schematic diagram of cyl- 
inder and valves to perform an intake phase. 
[0023] Figure 4F shows a schematic diagram of cyl- 
inder and valves to perform a compression phase. 
[0024] Figure 4G shows a schematic diagram of cyl- 
inder and valves to achieve an auto-ignition when a pis- 
ton reaches top dead center (TDC) of compression 
phase. 

[0025] Figure 5 illustrates graphically the conditions 
of engine operation during selection of a gasoline reform 
auto-ignition combustion mode. 
[0026] Figure 6 provides one example of a valve lift 
diagram, as illustrated by the fully drawn line, of exhaust 
and intake valves during selection of a spark-ignition 
combustion mode as compared to a valve lift diagram, 
as illustrated by the broken line, to achieve retaining of 
exhaust gas during selection of auto-ignition combus- 
tion mode. 

[0027] Figure 7 provides another example of a valve 



determining total fuel quantity to be injected in re- 
sponse to the engine load of the internal combus- 
tion engine; 

determining, during selection of said gasoline re- 
5 form auto-ignition combustion mode, a portion of 
and the remainder of said determined total fuel 
quantity; 

determining, during selection of said gasoline re- 
form auto-ignition combustion mode, a first fuel in- 
fo jection control signal indicative of said portion of 
said determined total fuel quantity; 
determining, during selection of said gasoline re- 
form auto-ignition combustion mode, a second fuel 
injection control signal indicative of the remainder 
15 of said determined total fuel quantity; 

applying said first fuel injection control signal to the 
fuel injector at said first start time to control fuel 
quantity injected for said first fuel injection; and 
applying said second fuel injection control signal to 
20 the fuel injector at said second start time to control 
fuel quantity injected for said second fuel injection. 
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lift diagram, as illustrated by the fully drawn line, of ex- 
haust and intake valves during selection of a spark-ig- 
nition combustion mode as well as a valve lift diagram, 
as illustrated by the broken line, to achieve retaining of 
exhaust gas during selection of an auto-ignition com- 
bustion mode. 

[0028] Figure 8A shows a schematic diagram of cyl- 
inder and valves during an exhaust stroke. 
[0029] Figure 8B shows a schematic diagram of cyl- 
inder and valves during an intake stroke. 
[0030] Figure 8C shows a schematic diagram of cyl- 
inder and valves during a compression stroke. 
[0031] Figure 8D shows a schematic diagram of cyl- 
inder and valves to achieve spark-ignition when piston 
reaches top dead center during compression stroke. 
[0032] Figures 9A and 9B are a graphical represen- 
tation of variation of amount of fuel radicals against var- 
iation of start time of fuel injection and a valve lift dia- 
gram of exhaust and intake valves to achieve retaining 
of exhaust gas, respectively. 

[0033] Figure 1 0 illustrates graphically variation of en- 
gine volumetric efficiency against variation of quantity 
of fuel for fuel injection during retaining of exhaust gas. 
[0034] Figure 1 1 illustrates graphically variation of to- 
tal fuel quantity against variation of engine load and one 
example of distribution between a portion of total fuel 
quantity for fuel injection during retaining of exhaust gas 
and the remainder of the total fuel quantity for fuel injec- 
tion during compression. 

[0035] Figure 12 is a similar graphical representation 
to Figure 11 , illustrating another example of distribution 
between a portion of total fuel quantity for fuel injection 
during retaining of exhaust gas and the remainder of the 
total fuel quantity for fuel injection during compression. 
[0036] Figure 13 illustrates graphically afirst schedule 
of variation of fuel injection timings against different 
combustion modes that are selected in response to the 
engine load. 

[0037] Figure 14 illustrates graphically a second 
schedule of variation of fuel injection timings against dif- 
ferent combustion modes that are selected in response 
to the engine load. 

[0038] Figure 15 illustrates graphically a third sched- 
ule of variation of fuel injection timings against different 
combustion modes that are selected in response to the 
engine speed. 

[0039] Figure 16 illustrates graphically a fourth sched- 
ule of variation of fuel injection timings against different 
combustion modes that are selected in response to the 
engine speed. 

[0040] Figure 17 is a block diagram of the controller 
architecture for obtaining three different auto-ignition 
combustion modes and a spark-ignition combustion 
mode. 

[0041] Figures 18A, 18B and 18C show a flowchart 
illustrating control logic for operation during auto-igni- 
tion combustion modes and spark-ignition combustion 
mode. 



BEST MODES FOR CARRYING OUT THE 
INVENTION 

[0042] Figure 1 is a block diagram illustrating opera- 
5 tion of a system or method for controlling the fuel injec- 
tion timing, the engine valve timing, and the ignition of 
a gasoline internal combustion engine during selection 
of one of a gasoline reform auto-ignition combustion 
mode, an auto-ignition stratified charge combustion 
mode, an auto-ignition homogeneous charge combus- 
tion mode, and a spark-ignition homogeneous charge 
combustion mode. System 10 includes an internal com- 
bustion engine, indicated generally by reference numer- 
al 1 2, in communication with a control unit (C/U) 1 4. As 
schematically shown in Figure 1 , engine 1 2 has at least 
one combustion chamber 16 defined within a cylinder 
18 by a reciprocating piston 20 operatively connected 
to a crankshaft 22. Combustion chamber 1 6 is provided 
with intake means 24 together with an intake manifold 
26, including a collector 27, and exhaust means 28 to- 
gether with an exhaust manifold 30. For admitting fresh 
air into combustion chamber 16, intake means 24 in- 
clude at least one intake valve 32. each driven by a var- 
iable valve control 34. For discharging exhaust gas re- 
sulting from combustion within combustion chamber 16, 
exhaust means 28 include at least one exhaust valve 
36, each driven by a variable valve control 38. Fuel is 
injected into combustion chamber 16 by a fuel injector 
40. Fuel injector 40 directly communicates with combus- 
tion chamber 1 6. During selection of spark-ignition com- 
bustion mode, a spark plug 42 produces a spark to ini- 
tiate combustion of air/fuel mixture within combustion 
chamber 16. During selection of one of auto-ignition 
combustion modes, spark plug 42 will not produce any 
spark. A throttle valve 44 is provided to control air inflow 
to intake manifold 26. 

[0043] Various sensors are provided to monitor en- 
gine operation conditions. Sensors may include a throt- 
tle sensor 48, which provides a throttle position sensor 
(TPS) signal to C/U 14 to monitor the throttle opening 
angle or position of throttle valve 44. An accelerator ped- 
al 50 is used to determine the operator or driver torque 
request command. An accelerator sensor 52 provides a 
vehicle accelerator pedal opening (VAPO) or pedal po- 
sition signal indicative of the accelerator pedal opening 
angle or position of accelerator pedal 50. 
[0044] Engine 1 2 includes various other sensors such 
as a crankshaft sensor 54, which provides a position 
(POS) signal and a reference (REF) signal C/U 14, and 
an engine coolant temperature sensor 56. Engine cool- 
ant temperature sensor 56 provides an engine coolant 
temperature (Tw) signal indicative of the engine coolant 
temperature to C/U 14. 

[0045] Referring to Figure 3, C/U 14 receives signals 
from the various sensors via input ports 1 04, which may 
provide signal conditioning, conversion, and/orfault de- 
tection as well known in the art. Input ports 1 04 commu- 
nicate with processor (MPU) 1 06 via a data/control bus 
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108. MPU 106 implements control logic in the form of 
hardware and/or software instructions, which may be 
stored in a computer-readable storage device or media 
110 to effect engine 12. Computer-readable media 110 
may include various types of volatile and nonvolatile 
memory such as random-access memory (RAM) 112, 
read-only memory (ROM) 1 1 4, and keep-alive memory 
(KAM) 116. These functional classifications of memory 
may be implemented by one or more different physical 
devices such as PROMs, EPROMs, EEPROMs, flash 
memory and the like, depending upon the particular ap- 
plication. 

[0046] MPU 106 communicates with various actua- 
tors of engine 12 via output ports 118. Actuators may 
control ignitiontiming orsparkSPK, timing and metering 
of fuel FIN. position of throttle valve TVA to control air 
inflow, intake valve timing (IVT) and exhaust valve tim- 
ing (EVT). In operation range where homogeneous 
charge combustion is required, motor 142 opens PCV 
140. In operation range where throttled intake air control 
is required, the position of throttle valve 44 is variably 
adjusted by an actuator in the form of a motor 45 to con- 
trol intake air into combustion chamber 1 6. In Figure 1 , 
TVA is used to indicate a control signal to control the 
throttle position. IVT and EVT are used to designate 
control signals to control valve timings of intake and ex- 
haust valves, respectively. SPK is used to designate a 
control signal to control timing of spark. 
[0047] Intake valve closure timing and exhaust valve 
opening timing are shifted from a schedule for spark- 
ignition combustion mode upon selection of one of auto- 
ignition combustion modes to provide a minus overlap 
for retaining of exhaust gas around top dead center dur- 
ing exhaust stroke. To carry out a changeover between 
the valve timing schedule for spark-ignition combustion 
and the valve timing schedule for auto-ignition combus- 
tion, a valve driver with a phase shift of a single cam or 
a valve driver with a shift between two different cams 
may be used in each of valve controls 34 and 38. The 
valve driver of the latter type is described in JP-A 
9-203307. If desired, a valve driver employing electro- 
magnetic force may be used. The valve driver of this 
type is described in United States Patent No. 5,785,016 
issued July 28, 1 998 to Enderle et al., which has been 
hereby incorporated by reference. 
[0048] Figure 2 provides a schematic view of an elec- 
tromagnetic valve driver (EVD) 86, which may be used 
in each of valve controls 34 and 38, for the associated 
cylinder valve, for example, intake valve 32. EVD 86 in- 
cludes a housing 88, a movable plate 90 is kept in a 
neutral position, as illustrated in Figure 2, within housing 
88 by means of two springs 92 and 94. Springs 92 and 
94 are arranged on one and the opposite sides of mov- 
able plate 90. At the remotest ends, springs 92 and 94 
bear against housing 88. At the nearest ends, springs 
92 and 94 bear against spaced walls of movable plate 
90. Two electromagnetic coils 96 and 98 are mounted 
to housing 88 on one and the opposite sides of movable 



plate 90. With no supply of electric currentthrough elec- 
tromagnetic coil 98, supply of electric current through 
electromagnetic coil 96 attracts movable plate 90 for 
movement against the action of spring 92. Supply of 

5 electric current through electromagnetic coil 98 with no 
supply of electric current through electromagnetic coil 
96 attracts movable plate 90 for movement against the 
action of spring 94. In order to transmit at least move- 
ment of movable plate 90 in a direction against spring 

10 94 to intake valve 32, the valve stem is coupled to mov- 
able plate 90. Thus, with no supply of electric current 
through electromagnetic coil 96, supply of electromag- 
netic coil 98 can hold intake valve 32 lifted from its rest 
position on a valve seat 1 02. In this example, valve stem 

15 1 00 is fixed to movable plate 90 so that supply of electric 
current through electromagnetic coil 96 with interruption 
of supply of electric current through electromagnetic coil 
98 can hold intake valve 32 to the rest position. 
[0049] Figures 4A-4G and 5 illustrate operation of en- 

20 gine 1 2 during selection of gasoline reform auto-ignition 
combustion mode. The gasoline reform auto-ignition 
combustion mode is selected at part load. Figures 4A 
and 4B show early exhaust valve closing. Figures 4D 
and 4E show late intake valve opening. The early ex- 

25 haust valve closing and late intake valve opening pro- 
vides minus overlap period where both exhaust and in- 
take valves are closed for retaining of exhaust gas. 
[0050] As a result of the early exhaust valve closing, 
afirstpart of exhaust gas comprising the upper and mid- 
30 die parts of the cylinder content is expelled into an ex- 
haust port during the exhaust stroke as shown in Figure 
4A. A second part of exhaust gas comprising the lower 
or bottom part of the cylinder content is retained in the 
cylinder as shown in Figure 4B and compressed due to 

35 movement of piston to TDC position as shown in Figure 
4C. The temperature and pressure of the second part 
of exhaust gas increase owing to this compression. 
[0051] Fuel injector 40 (see Figure 1) is activated to 
spray fuel, as a first fuel injection, into this high temper- 

40 ature and pressure exhaust gas retained in cylinder. The 
gasoline fuel injected is partially oxidized into a compo- 
sition that contains fuel radicals including aldehyde. The 
duration of time for which the sprayed gasoline is held 
within the high temperature environment determines the 

45 amount of fuel radicals. The earlier the start of the first 
fuel injection, the more is the amount of fuel radicals. 
Controlling the duration of time for which the sprayed 
gasoline is held within high temperature environment 
can continuously control the amount of fuel radicals. 

50 [0052] The compressed fuel and exhaust gas mixture 
is expanded during an upper part of the subsequent 
downward piston movement from the TDC position with 
simultaneous intake and exhaust valve closings as 
shown in Figure 4D. The pressure of the mixture drops 

55 down to the ambient pressure Pamb (see Figure 5) at 
the termination of this expansion. 
[0053] During the remaining part of the piston down- 
ward movement, the intake means 24 is opened to in- 
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troduce fresh air to perform an intake phase as shown 
in Figure 4E. 

[0054] During a compression stroke, fuel injector 40 
is activated to spray gasoline, as a second fuel injection, 
into the compressed content within the cylinder as 
shown in Figure 4F. The dispersion of fuel is suppressed 
because the fuel is sprayed into the highly condensed 
cylinder content, forming a localized rich mixture portion 
(stratified charge). 

[0055] At or near the piston's TDC during compres- 
sion stroke, the gasoline of the cylinder content is 
burned due to compression ignition as shown in Figure 
4G without any help of spark. The sufficient amount of 
fuel radicals and localized rich mixture formation due to 
stratification cooperate with each other to accomplish 
the auto-ignition of gasoline under a relatively low com- 
pression ratio as compared to a relatively high compres- 
sion ratio used in auto-ignition of diesel fuel. The use of 
such a relatively low compression ratio prevents a drop 
in torque output during selection of spark-ignition com- 
bustion mode at full load. 

[0056] Figure 5 graphically represents the variation of 
cylinder content under the gasoline reform auto-ignition 
combustion condition. In Figure 5, the fully drawn curve 
schematically represents variation of cylinder pressure. 
After exhaust valve closure (EC), retaining of exhaust 
gas begins and the pressure of the cylinder content 
starts to rise above the ambient pressure Pamb (= at- 
mospheric pressure) until the piston reaches TDC dur- 
ing exhaust stroke. Preferably, the start time of first fuel 
injection is set within an activation range of injection that 
extends between the initiation of the retaining of exhaust 
gas to the piston TDC position during exhaust stroke. 
The compressed cylinder content is expanded due to 
downward piston movement from the TDC till a point 
where the cylinder becomes near the ambient pressure 
Pamb. The timing of intake valve opening (IO) can be 
set around this point and the timing of intake valve clo- 
sure (IO) can be set around the piston's bottom dead 
center (BDC) position during intake stroke. In Figure 5, 
P represents pressure and [°CA] represents crank an- 
gle. During compression due to upward movement of 
the piston after the BDC position, the start time of fuel 
injection is set taking due consideration of cylinder pres- 
sure and the fuel delivery pressure. 
[0057] Figures 6 and 7 provide two examples of valve 
timings of intake and exhaust valves 36 and 32. 
[0058] In Figure 6, the fully drawn curves show a 
schedule of valve timings used during selection of 
spark-ignition combustion mode. This schedule is simi- 
lar to that used for normal 4-stroke cycle spark-ignition 
gasoline engine. According to this schedule, there is a 
plus overlap where both exhaust and intake valves 36 
and 32 are simultaneously open at around the piston's 
TDC position during exhaust stroke. In Figure 6, the bro- 
ken line curves show a schedule of valve timings used 
during selection of one of auto-ignition combustion 
modes. According to this valve-timing schedule, there 



is a minus overlap where both exhaust and intake valves 
36 and 32 are closed at around the piston's TDC position 
during exhaust stroke. Valve lifts of the exhaust and in- 
take valves 36 and 32 are small according to this valve- 
5 timing schedule for auto-ignition combustion as com- 
pared to the valve lifts of the valve-timing schedule for 
spark-ignition combustion. A valve driver using two dif- 
ferent cams or a camless valve driver may provide the 
valve timing schedules as illustrated in Figure 6. 
[0059] Figure 7 provides a valve-timing schedule for 
spark-ignition combustion and a valve-timing schedule 
for auto-ignition combustion, which may be provided by 
a valve driver with a phase shift mechanism of a single 
cam. In this case, the minus valve overlap is provided 
by a phase shift and the valve lifts remain unaltered. 
[0060] Figures 8Ato 8D illustrate operation of engine 
12 during selection of spark-ignition homogeneous 
charge combustion mode. The spark-ignition combus- 
tion mode is selected at full load. In the same manner 
as the operation of 4-stroke spark-ignition gasoline en- 
gine, exhaust gas is expelled into the exhaust port dur- 
ing exhaust stroke as a result of exhaust valve closure 
at the normal timing as shown in Figure 8A. During in- 
take stroke, fresh air is introduced into the cylinder and 
the fuel injector is activated to spray fuel into the cylinder 
as shown in Figure 8B. The mixture of fuel and air of the 
cylinder content is compressed during compression 
stroke as shown in Figure 8C. At or around the piston's 
TDC position during compression stroke, the sparkplug 
is activated to provide a spark to initiate burning of the 
fuel in the cylinder content. 

[0061] The conditions required to accomplish auto-ig- 
nition are explained. The temperature and pressure of 
the cylinder content, the concentration of fuel within the 
cylinder content, and the amount of fuel radicals deter- 
mine whether or not the controlled auto-ignition is 
achieved. Increasing at least one of the above-men- 
tioned determining factors advances the timing of auto- 
ignition. If the auto-ignition is advanced excessively, the 
thermal efficiency of the engine drops. Thus, it is nec- 
essary that the initiation timing of auto-ignition is set at 
or near the piston's TDC position during compression 
stroke. 

[0062] Figures 9A and 9B provide schematic graphi- 
cal representation of the variation of fuel radicals pro- 
duced against variation of injection start time during re- 
taining of exhaust gas. The earlierthe injection start time 
is, the more the amount of fuel radicals is. This is be- 
cause advancing the injection start time results in an in- 
crease in duration of time for which the fuel is subjected 
to high temperature and pressure environment. 
[0063] Figure 1 0 provides schematic graphical repre- 
sentation of the variation of engine volumetric efficiency 
against the variation of fuel quantity sprayed, as the first 
fuel injection, into the cylinder during retaining of ex- 
haust gas. Increasing the fuel quantity sprayed during 
retaining of exhaust gas increases generation of heat. 
Increased heat generation causes a drop in the amount 



15 



20 



25 



30 



35 



40 



45 



50 



8 



15 



EP 1 134 398 A2 



16 



of fresh air introduced during the subsequent intake 
stroke, resulting in drop in volumetric efficiency. To 
maintain the volumetric efficiency at a reasonable level, 
the fuel quantity for the first fuel injection should be sup- 
pressed to a sufficiently low level. To produce a suffi- 
ciently large amount of fuel radicals with a small fuel 
quantity, it is necessary that the start time of the first fuel 
injection is set within the activation range between the 
exhaust valve closure to the piston's TDC during ex- 
haust stroke as shown in Figure 5. 
[0064] The term "total fuel quantity" is herein used to 
mean the total of fuel quantity for the first fuel injection 
and fuel quantity for the second fuel injection during se- 
lection of premised auto-ignition combustion mode. This 
terminology is used also to meanthefuel quantity of fuel 
sprayed for a single injection during selection of one of 
auto-ignition stratified charge combustion mode, auto- 
ignition homogeneous charge combustion mode, and 
spark-ignition combustion mode. 
[0065] Figures 1 1 and 1 2 provide schematic graphical 
representations of the same variation of total fuel quan- 
tity against variation of engine load, but with different 
patterns of distribution of fuel between the first and sec- 
ond fuel injections. As the first fuel injection during re- 
taining of exhaust gas, a portion of the total fuel quantity 
is sprayed. Subsequently, the remainder of the total fuel 
quantity is sprayed, as the second fuel injection, during 
compression stroke. For stable auto-ignition of gasoline 
under a relatively low compression ratio used for normal 
spark-ignition gasoline engine, a certain amount of fuel 
radicals represented by aldehyde is needed depending 
upon engine speed and compression ratio. This has 
been empirically confirmed. 

[0066] In both of the cases shown in Figures 11 and 
12, the engine load determines the total fuel quantity 
such that increasing the engine load increases the total 
fuel quantity. I n other words, the total fuel q uantity of pro- 
portional to the engine load. 

[0067] In the case of Figure 11, the distribution be- 
tween the first and second fuel injections is such that 
the portion for injection during exhaust gas retaining 
phase is substantially invariable with variation of the en- 
gine load and the remainder for injection during com- 
pression stroke is proportional to the engine load. The 
fuel quantity for the injection during retaining of exhaust 
gas is kept constant over the whole range of variation 
of engine load to provide sufficiently large amount of fuel 
radicals for stable auto-ignition. Since the fuel quantity 
is kept constant, fuel quantity management can be sim- 
plified. 

[0068] The distribution pattern shown in Figure 12 is 
intended to enhance the engine volumetric efficiency. In 
this case, the portion of the total fuel quantity sprayed 
during exhaust gas retaining phase is inversely propor- 
tional to the engine load. In other words, the portion for 
injection during exhaust gas retaining phase decreases 
as the engine load increases to prevent a drop in volu- 
metric efficiency. The remainder of the total fuel quantity 



for injection during compression stroke increases as the 
engine load increases. 

[0069] The duration of time for which the sprayed fuel 
is oxidized is unaltered against variation of engine 
5 speed so that the timing of auto-ignition varies with re- 
gard to crank angle position as the engine speed varies. 
If the engine speed is increased, the timing of auto-ig- 
nition retards. If the engine speed is decreased, the au- 
to-ignition timing advances. Thus, obtaining the appro- 
ve priate timing of auto-ignition over wide range of engine 
speed requires adequate control of the amount of fuel 
radicals. To accomplish this end, it is one measure to 
increase the quell quantity for the first fuel injection, i.e.. 
the portion of the total fuel quantity for injection during 
15 exhaust gas retaining phase, as the engine speed in- 
creases to produce increased amount of fuel radicals 
for promotion of auto-ignition. 

[0070] Figure 13 provides graphical representation of 
fuel injection timings of the engine 12 against variation 

20 of the engine load L. As mentioned before, the engine 
is operated in one of the four different combustion 
modes. Control unit 14 (see Figure 1) selects one of 
gasoline reform auto-ignition combustion mode, auto- 
ignition stratified charge combustion mode, auto-igni- 

25 tion homogeneous charge combustion mode, and 
spark-ignition homogeneous charge combustion mode 
in response to an operating parameter indicative of the 
engine load. The engine load indicative operating pa- 
rameter is calculated in response to accelerator pedal 

30 position VAPO (see Figure 1 ) and the engine speed. The 
control unit 1 4 calculates the engine speed in response 
to the position and reference signals POS and REFfrom 
crankshaft sensor 54 (see Figure 1). 
[0071] As shown in Figure 13, when the engine load 

35 L is less than a first predetermined value L1 , control unit 
14 selects gasoline reform auto-ignition combustion 
mode. During selection of gasoline reform auto-ignition 
combustion mode, control unit 14 adjusts opening and 
closing timings of intake means 24 including intake 

40 valve 32 and those of exhaust means 28 including ex- 
haust valve 36 such that piston 20 reciprocates to per- 
form an exhaust phase, an exhaust gas retaining phase, 
an intake phase ; a compression phase, and an expan- 
sion phase. This adjustment of opening and closing tim- 

45 jngs of exhaust and intake valves 36 and 32 is held dur- 
ing selection of the other two auto-ignition combustion 
modes. When the engine load L exceeds the first pre- 
determined value L1 , but fails to exceed a second pre- 
determined value L2 that is greater that the first prede- 

50 termined value L1, control unit 14 selects auto-ignition 
stratified charge combustion mode. When the engine 
load L exceeds the second predetermined value L2 but 
fails to exceeds a third predetermined value L3 that is 
greater than the second predetermined value L2, control 

55 unit 1 4 selects auto-ignition homogeneous charge com- 
bustion mode. When the engine load L exceeds the third 
predetermined value L3, control unit 14 selects spark- 
ignition homogeneous charge combustion mode. Dur- 
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ing selection of spark- ignition combustion mode, control 
unit 14 adjusts opening and closing timings of intake 
means 24 including intake valve 32 and those of exhaust 
means 28 including exhaust valve 36 such that piston 
20 reciprocates to perform an exhaust phase, an intake 
phase, a compression phase, and an expansion phase. 
Under this condition, there is no minus overlap of ex- 
haust and intake valves so that there is no retaining of 
exhaust gas at or near piston's TDC position during ex- 
haust stroke. 

[0072] During selection of gasoline reform auto-igni- 
tion combustion mode, control unit 14 the start time of 
fuel injection duringthe exhaust gas retaining phase and 
the start time of fuel injection during the compression 
phase invariable against variation in the engine load. As 
discussed before in connection with Figures 11 and 12, 
the total fuel quantity is determined in response to the 
engine load and shared into the portion forfuel injection 
during exhaust gas retaining phase and the remainder 
forfuel injection during compression phase. Control unit 
14 performs operation to determine the total fuel quan- 
tity and operation to determine the portion of and the 
remainder of the total fuel quantity. Control unit 14 de- 
termines a first fuel injection control signal having a 
pulse width indicative of the portion of the total fuel quan- 
tity and a second fuel injection control signal having a 
pulse width indicative of the remainder of the total fuel 
quantity. The first fuel injection control signal is applied 
tothefuel injector40 at the start time of thefirst injection 
during exhaust gas retaining phase to control fuel quan- 
tity injected. The second fuel injection control signal is 
applied to the fuel injector 40 at the start time of the sec- 
ond fuel injection during compression phase to control 
fuel quantity injected. Production of fuel radicals due to 
oxidation of fuel sprayed during thefirst and second fuel 
injections provide stable auto-ignition at appropriate 
crank angle position at or nearthe piston's TDC position 
during compression stroke. 

[0073] If the engine load L exceeds the first predeter- 
mined value L1 , the auto-ignition stratified charge com- 
bustion mode is selected. Underthis load condition, the 
localized fuel concentration due to stratified operation 
provides sufficiently condensed fuel for auto-ignition. 
Thus, injection of fuel during compression phase under 
stratified charge condition can achieve stable auto-igni- 
tion. The auto-ignition stratified charge combustion is 
advantageous over the gasoline reform auto-ignition 
combustion in that HC emission due to cylinder wall 
quenching is low. This is the reason why the auto-igni- 
tion stratified combustion mode is employed. 
[0074] During selection of auto-ignition stratified 
charge combustion mode, control unit 14 provides start 
time of fuel injection during compression phase. As 
shown in Figure 13, when the engine load L exceeds 
the first predetermined value L1 , a shift from the start 
time of the compression phase injection during selection 
of gasoline reform auto-ignition combustion mode to the 
start time of the compression phase injection during se- 



lection of auto-ignition stratified charge combustion 
mode is zero. Control unit 14 adjusts the start time of 
fuel injection during compression phase in response to 
the engine load such that this start time advances as the 

5 engine load increase. This adjustment of the start time 
of the compression phase injection is required because 
increasing of total fuel quantity as the engine load in- 
creases will cause formation of excessively rich mixture 
if the start time is not advanced, thereby to cause emis- 

10 sions of nitrogen oxides (NOx) and smoke. To avoid the 
emissions of NOx and smoke, the start time of the com- 
pression phase fuel injection is advanced as the total 
fuel quantity is increased in response to the engine load, 
thereby to promote dispersion of fuel within the cylinder 

15 content to keep the air/fuel ratio of the localized mixture 
within an acceptable range by the time the piston reach- 
es TDC position du ring compression stroke. The disper- 
sion of fuel is promoted if the fuel is sprayed at an ad- 
vanced timing when the cylinder pressure is still low at 

20 the initial part of compression phase. During selection 
of auto-ignition stratified charge combustion mode, con- 
trol unit 14 determines a fuel injection control signal hav- 
ing pulse width indicative of the total fuel quantity and 
applies this fuel injection control signal to fuel injector 

25 40 at the start time of fuel injection during compression 
phase. 

[0075] If the engine load L further increases and ex- 
ceeds the second predetermined value L2, control unit 
14 selects auto-ignition homogeneous combustion 

30 mode. During selection of auto-ignition homogeneous 
charge combustion mode, control unit 14 provides start 
time of fuel injection during intake phase and holds this 
start time invariable against variation in the engine load. 
Control unit 14 determines a fuel injection control signal 

35 having pulse width indicative of the total fuel quantity 
and applies this fuel injection control signal to fuel injec- 
tor 40 at the start time of fuel injection during intake 
phase. 

[0076] If the engine load L further increases and ex- 

40 ceeds the third predetermined value L3, control unit 14 
selects spark-ignition homogenous charge combustion 
mode. Under this engine load condition, control unit 1 4 
activates spark plug 42 for generation of spark at or near 
piston's TDC position during compression phase. Dur- 

45 ing selection of spark-ignition homogeneous charge 
combustion mode, control unit 14 provides start time of 
fuel injection during intake phase and holds this start 
time invariable against variation in the engine load. Con- 
trol unit 14 determines a fuel injection control signal hav- 

50 ing pulse width indicative of the total fuel quantity and 
applies this fuel injection control signal to fuel injector 
40 at the start time of fuel injection during intake phase. 
At or nearthe piston's TDC position during compression 
stroke, spark-ignition initiates burning of fuel. 

55 [0077] In the injection pattern illustrated in Figure 13, 
the start time of the second fuel injection during com- 
pression phase is held invariable against variation in the 
engine load during selection of gasoline reform auto-ig- 
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nition combustion mode. In a modified pattern of fuel in- 
jections illustrated in Figure 14 : control unit 14 adjusts 
the start time of the second fuel injection during com- 
pression phase in response to the engine load during 
selection of gasoline reform auto-ignition combustion 
mode such that the start time advances as the engine 
load increases. As will be appreciated from Figure 14, 
the start time of fuel injection during compression phase 
advances in a continuous manner as the engine load 
increases over the engine load range extending from 
gasoline reform auto-ignition combustion mode to auto- 
ignition stratified charge combustion mode. The reason 
for setting of such adjustment of the start time of the 
second fuel injection during selection of gasoline reform 
auto-ignition combustion mode is the same as the rea- 
son for setting of adjustment of the start time pf the com- 
pression phase fuel injection during selection of auto- 
ignition stratified charge combustion mode. 
[0078] In Figures 13 and 14, the operation parameter 
indicative of the engine load L has been employed in 
selection among three different auto-ignition combus- 
tion modes. In Figures 15 and 16, an operation param- 
eter indicative of the engine speed V is used to select 
the three different auto-ignition modes and the spark- 
ignition homogeneous combustion mode. 
[0079] In Figure 15, when the engine speed V is less 
than a first predetermined value V1 , control unit 1 4 se- 
lects the auto-ignition homogenous charge combustion 
mode having a fuel injection during intake phase. Time 
that passes from the fuel injection during intake phase 
to the piston's TDC position during compression stroke 
decreases astheenginespeed increases. When the en- 
gine speed V is less than the first predetermined value 
V1 , it is long enough for the fuel sprayed during intake 
phase to be oxidized to contain sufficient amount of fuel 
radicals before the piston reaches the TDC position. 
Thus, fuel injection during intake phase and homogene- 
ous charge cooperate with each other to achieve auto- 
ignition at or nearthe piston's TDC position during com- 
pression stroke. 

[0080] When the engine speed V exceeds the first 
predetermined value V1 but fails to exceed a second 
predetermined value V2 that is higherthan the value V1 , 
control unit 1 4 selects the auto-ignition stratified charge 
combustion having a fuel injection during compression 
phase. The fuel sprayed under high pressure condition 
is concentrated. This concentration of fuel promotes 
progress of oxidation, thereby to achieve auto-ignition 
at or near the piston's TDC position during compression 
stroke. It has been confirmed that, at the same engine 
speed above the first predetermined value V1 , the con- 
centration of fuel due to fuel injection during compres- 
sion phase under stratified charge condition is superior, 
in speed of oxidation reaction, to the dispersion of fuel 
due to fuel injection during intake phase under homoge- 
neous charge condition. 

[0081] When the engine speed V exceeds the second 
predetermined value V2 but fails to exceed a third pre- 



determined value V3 that is higher than the value V2, 
control unit 14 selects the gasoline reform auto-ignition 
combustion mode having a first fuel injection during ex- 
haust gas retaining phase and a second fuel injection 

5 during compression phase. It has been confirmed that, 
at the same engine speed between the first and second 
predetermined values V1 and V2, the auto-ignition strat- 
ified charge combustion provides less HC emissions 
due to wall quenching than the gasoline reform auto- 

10 ignition combustion. Thus, the auto-ignition stratified 
combustion mode is employed during operation at en- 
gine speed that exceeds the first predetermined value 
V1 but fails to exceed the second predetermined value 
V2. However, when the engine speed V exceeds the 

15 second predetermined value V2, thesinglefuel injection 
during compression phase cannot achieve stable auto- 
ignition so that the gasoline reform auto-ignition com- 
bustion mode is selected to achieve stable auto-ignition 
at or near the piston's TDC position during compression 

20 stroke. 

[0082] When the engine speed V exceeds the third 
predetermined value V3, control unit 14 selects the 
spark-ignition homogeneous combustion mode having 
a fuel injection during intake phase. 

25 [0083] The adjustment of opening and closing timings 
of exhaust and intake valves 36 and 32 during selection 
of any one of three different auto-ignition combustion 
modes in accordance with the schedule as illustrated in 
Figure 15 is the same as that during the selection in ac- 

30 cordance with the schedule as illustrated in Figure 13. 
The adjustment of opening and closing timings of ex- 
haust and intake valves 36 and 32 during selection of 
the spark-ignition homogeneous charge combustion 
mode in accordance with the schedule as illustrated in 

35 Figure 15 is the same as that during the selection in ac- 
cordance with the schedule as illustrated in Figure 13. 
[0084] The adjustment of fuel injection timings during 
selection of one of auto-ignition homogeneous charge 
combustion, auto-ignition stratified charge combustion 

40 mode, and spark-ignition homogeneous charge com- 
bustion mode in accordance with the schedule as illus- 
trated in Figure 1 5 is the same as that during the selec- 
tion in accordance with the schedule as illustrated in Fig- 
ure 13. 

45 [0085] As shown in Figure 15, during the selection of 
gasoline reform auto-ignition combustion mode, control 
unit 1 4 adjusts the start time of fuel injection during the 
exhaust gas retaining phase in response to the engine 
speed such that the start time advances as the engine 

50 speed increases and holds the start time of fuel injection 
during the compression phase invariable against varia- 
tion in the engine speed. Advancing the start time of fuel 
injection during exhaust gas retaining phase in re- 
sponse to the engine speed provides duration of time 

55 long enough for sufficient promotion of oxidation. 

[0086] Instead of advancing the start time of fuel in- 
jection during exhaust gas retaining phase, the start 
time of fuel injection during compression phase may be 
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advanced in response to the engine speed V as illus- 
trated in Figure 16. Figure 16 is substantially the same 
as Figure 15, except the fuel injection timings during se- 
lection of gasoline reform auto-ignition combustion 
mode. In Figure 16, during selection of gasoline reform 
auto-ignition combustion mode, control unit 1 4 holds the 
start time of fuel injection invariable against variation in 
engine speed and adjusts the start time of fuel injection 
during compression phase in response to the engine 
speed such that the start time of this fuel injection ad- 
vances as the engine speed increases. 
[0087] Figure 1 7 is a block diagram of the control unit 
14. At an engine speed calculation block 200, engine 
speed is calculated based on POS and REF signals 
from crankshaft sensor 54. The engine speed is fed to 
an engine load calculation block 202. At block 202, the 
engine load is calculated based on the engine speed 
and acceleration pedal position VAPO. The engine load 
is fed to a combustion mode selection block 204. At 
block 204, one of gasoline reform auto-ignition combus- 
tion mode, auto-ignition stratified charge combustion 
mode, auto-ignition homogeneous charge combustion 
mode, and spark-ignition combustion mode is selected 
in accordance with the schedule as illustrated in Figures 
1 3 or 1 4. The information as to the selected combustion 
mode is supplied to an injection timing setpoint 206, a 
valve timing setpoint 208, a charge type setpoint 210 
and an ignition type setpoint 212. The engine load is fed 
to the injection timing setpoint 206. The engine load is 
fed also to a total fuel quantity determination block 213. 
At block 213, the total fuel quantity is determined in a 
manner described in connection with Figures 1 1 and 12. 
[0088] At setpoint 206, there are four maps 206a, 
206b, 206c and 206d. Map 206a contains data on start 
times of first and second fuel injections for gasoline re- 
form auto-ignition combustion mode as illustrated in Fig- 
ure 13 or 14 or 15 or 16. Map 206b contains data on 
start time of fuel injection during compression phase for 
auto-ignition stratified charge combustion mode as illus- 
trated in Figure 1 3 or 1 4 or 1 5 or 1 6. Map 206c contains 
data on start time of fuel injection during intake phase 
for auto-ignition stratified combustion mode as illustrat- 
ed in Figure 13 or 14 or 15 or 16. Map 206d contains 
data on start time of fuel injection during intake phase 
for spark-ignition homogeneous charge combustion 
mode as illustrated in Figure 13 or 14 or 15 or 1 6. 
[0089] At setpoint 208, there are four maps 208a, 
208b, 208c and 208d. Maps 208a, 208b and 208c con- 
tain the same data on opening and closing timings of 
exhaust and intake valves to provide retaining of ex- 
haust gas for the auto-ignition combustion modes. Map 
208d contains data on opening and closing timings of 
exhaust and intake valves to provide normal four-stroke 
cycle without the exhaust gas retaining phase for the 
spark-ignition combustion mode. 
[0090] At setpoint 212, there are four maps 212a, 
212b, 212c and 21 2d. Maps 212a, 212b and 212c con- 
tains instructions on rendering spark plug inoperablefor 



auto-ignition used in the auto-ignition combustion 
modes. Map 21 2d contains data on spark timings for 
spark-ignition used in spark-ignition combustion mode. 
[0091] During selection of gasoline reform auto-igni- 

5 tion combustion mode, data from maps 206a, 208a, and 
212a are fed to fuel injector controller 214, valve timing 
controller 216, and spark plug controller 220, respec- 
tively. During selection of auto-ignition stratified charge 
combustion mode, data from maps 206b ; 208b, and 

10 212b are fed to controllers 21 4 ; 216, and 220, respec- 
tively. During selection of auto-ignition homogeneous 
charge combustion mode, data from maps 206c. 208c, 
and 212c are fed to controllers 214, 216, and 220, re- 
spectively. During selection of spark-ignition homoge- 

15 neous charge combustion mode, data from maps 206d, 
208d, and 21 2d are fed to controllers 214,216, and 220 , 
respectively. 

[0092] Controller 214 determines the pulse width of 
fuel injection control signal in response to the deter- 

20 mined total fuel quantity and applies the signal FIN to 
fuel injectors 40 at the determined timing. Controller 21 6 
determines and applies signals INT and EVT to intake 
and exhaust valve controllers 34 and 38 to adjust open- 
ing and closing timings of intake and exhaust valves. 

25 Controller220 applies a control signal SPKto sparkplug 
42 during selection of spark-ignition homogeneous 
charge combustion mode only. 

[0093] Referring now to Figures 18A, 18B, and 18C, 
a flowchart illustrating control logic in a system or meth- 

30 od for operating an internal combustion engine is 
shown. One of ordinary skill in the art will recognize that 
the control logic may be implemented in software, hard- 
ware or a combination of software and hardware. The 
sequence of operations illustrated is not necessarily re- 

35 quired, and is provided for ease of illustration only. Like- 
wise, various steps may be performed in parallel or by 
dedicated electric or electronic circuits. 
[0094] Block 300 represents input of signals VAPO, 
POS and REF. Block 302 represents calculation of en- 

40 gine speed based on POS and REF. Block 304 repre- 
sents calculation of engine load based on VAPO and the 
engine speed. Block 306 represents calculation of total 
fuel quantity based on engine load. Block 308 repre- 
sents selection of one of four combustion modes in re- 

45 sponse to engine load or engine speed. 

[0095] During selection of gasoline reform auto-igni- 
tion combustion mode, interrogation at block 31 0 results 
in affirmative and processing proceeds to block 312. 
Block 312 represents setting of valve timing control to 

50 retain exhaust gas. Block 314 represents providing of 
start time of first fuel injection during exhaust gas retain- 
ing phase and start time of second fuel injection during 
compression phase. Block 316 represents determina- 
tion of a portion and the remainder of total fuel quantity 

55 for first and second fuel injections, respectively. Block 
318 represents determination of pulse widths of first and 
second fuel injection control signals in response to the 
portion and remainder of total fuel quantity, respectively. 
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Block 322 represents resetting of SPK control signal for 
auto-ignition. Block 324 represents setting of IVT and 
EVT signals for valve timing control that has been set. 
Block 326 represents output of signals IVT, EVT PCV 
and SPK. 

[0096] During selection of auto-ignition stratified 
charge combustion mode, interrogation at block 330 re- 
sults in affirmative and processing goes to block 332. 
Block 332 represents setting of valve timing control to 
retain exhaust gas. Block 334 represents providing of 
start time of fuel injection during compression phase. 
Block 336 represents determination of the pulse width 
of fuel injection control signal in response to total fuel 
quantity. Block 340 represents resetting of SPK control 
signal for auto-ignition. Processing next goes to blocks 
324 and 326. 

[0097] During selection of auto-ignition homogene- 
ous chargecombustion mode, interrogation at block350 
results in affirmative and processing goes to block 352. 
Block 352 represents setting of valve timing control to 
retain exhaust gas. Block 354 represents providing of 
start time of fuel injection during intakephase. Block356 
represents determination of pulse width of fuel injection 
control signal in response to total fuel quantity. Block 
360 represents resetting of SPK control signal for auto- 
ignition. Processing next goes to blocks 324 and 326. 
[0098] During selection of spark-ignition homogene- 
ous combustion mode, the interrogation at block 350 re- 
sults in negative and processing goes to block 370. 
Block370 represents setting of valve timing control with- 
out exhaust gas retaining. Block 372 represents provid- 
ing of start time of fuel injection during intake phase. 
Block 374 represents determination of pulse width of fu- 
el injection control signal in response to total fuel quan- 
tity. Block 378 represents setting of SPK control signal 
for spark-ignition. Processing new goes to blocks 324 
and 326. 

[0099] While the present invention has been particu- 
larly described, in conjunction with preferred embodi- 
ments, it is evident that many alternatives, modifications 
and variations will be apparent to those skilled in the art 
in light of the foregoing description. It is therefore con- 
templated that the appended claims will embrace any 
such alternatives, modifications and variations as falling 
within the true scope and spirit of the present invention. 
[0100] This application claims the priority of Japanese 
Patent Application No. 2000-015718, filed January 25, 
2000, the disclosure of which is hereby incorporated by 
reference in its entirety. 



Claims 

1. A system for an auto-ignition of gasoline internal 
combustion engine comprising: 

a cylinder; 

a piston disposed within said cylinderfor recip- 



rocating motion to define a combustion cham- 
ber; 

intake means for admitting fresh air into said 
cylinder; 

5 a fuel injector directly communicating with said 

combustion chamber; 

exhaust means for discharging exhaust gas re- 
sulting from combustion within said cylinder; 
and 

10 a control unit adjusting opening and closingtim- 

ings of said intake means and opening and 
closingtimings of said exhaustmeans such that 
said piston reciprocates within said cylinder to 
perform an exhaust phase, an exhaust gas re- 
's taining phase, an intake phase, a compression 
phase, and an expansion phase, wherein said 
intake means and exhaust means being closed 
to retain exhaust gas within said cylinder during 
said exhaust gas retaining phase, 
20 said control unit providing a first start time of a 
first fuel injection by said fuel injector during 
said exhaust gas retaining phase and a second 
start time of a second fuel injection by said fuel 
injector during said compression phase, 
25 said control unit determining a portion of total 
fuel quantity and the remainder of said total fuel 
quantity, 

said control unit determining afirstfuel injection 
control signal indicative of said portion of said 

30 total fuel quantity and applying said first fuel in- 

jection control signal to said fuel injector at said 
first start time to control fuel quantity injected 
for said first fuel injection, 
said control unit determining a second fuel in- 

35 jection control signal indicative of the remain- 

der of said total fuel quantity and applying said 
second fuel injection control signal at said sec- 
ond start time to control fuel quantity injected 
for said second fuel injection, 

40 said remainder of said total fuel quantity being 

proportional to the engine load of the internal 
combustion engine. 

2. The system as claimed in claim 1 , wherein said por- 
45 tion of said determined total fuel quantity is substan- 
tially invariable with variation of the engine load of 
the internal combustion engine. 

3. The system as claimed in claim 1 , wherein said por- 
50 tion of said total fuel quantity is inversely proportion- 
al to the engine load of said internal combustion en- 
gine. 

4. The system as claimed in claim 1 . wherein said con- 
55 trol unit provides said first start time of said first fuel 

injection during movement of said piston from the 
initiation of said exhaust gas retaining phase to the 
top dead center position during said exhaust gas 
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retaining phase. 

5. The system as claimed in claim 1 . wherein said con- 
trol unit advances said second start time of said sec- 
ond fuel injection as the engine load of said internal 5 
combustion engine increases. 

6. The system as claimed in claim 1 . wherein said con- 
trol unit increases fuel quantity for said first fuel in- 
jection astheenginespeedof said internal combus- 10 
tion engine increases. 

7. The system as claimed in claim 1 . wherein said con- 
trol unit advances said start first time of said first 
fuel injection as the engine speed of the internal 15 
combustion engine increases. 

8. The system as claimed in claim 1 . wherein said con- 
trol unit advances said second start time of said sec- 
ond fuel injection as the engine speed of said inter- 20 
nal combustion engine increases. 

9. A system for an auto-ignition of gasoline internal 
combustion engine comprising: 

25 

a cylinder; 

a piston disposed within said cylinderfor recip- 
rocating motion to define a combustion cham- 
ber; 

intake means for admitting fresh air into said 30 
cylinder; 

a fuel injector directly communicating with said 
combustion chamber; 

exhaust means for discharging exhaust gas re- 
sulting from combustion within said cylinder; 35 
and 

a control unit selecting one of a gasoline reform 
auto-ignition combustion mode and an auto-ig- 
nition combustion mode in response to magni- 
tude of an operating parameter indicative of 40 
one of the engine load and the engine speed of 
the internal combustion engine, 
said control unit being operative during selec- 
tion of said gasoline reform auto-ignition com- 
bustion mode to adjust opening and closingtim- 45 
ings of said intake means and opening and 
closing timings of said exhaust means such that 
said piston reciprocates within said cylinder to 
perform an exhaust phase, an exhaust gas re- 
taining phase, an intake phase, a compression 50 
phase, and an expansion phase, 
said control unit being operative during selec- 
tion of said gasoline reform auto-ignition com- 
bustion mode to provide a first start time of a 
first fuel injection by said fuel injector during 55 
said exhaust gas retaining phase and a second 
start time of a second fuel injection by said fuel 
injector during said compression phase, 



said control unit determining total fuel quantity 
to be injected in response to engine load of the 
internal combustion engine, 
said control unit being operative during selec- 
tion of said gasoline reform auto-ignition com- 
bustion mode to determine a portion of and the 
remainder of said determined total fuel quantity, 
said control unit being operative during selec- 
tion of said gasoline reform auto-ignition com- 
bustion mode to determine a first fuel injection 
control signal indicative of said portion of said 
determined total fuel quantity and applying said 
first fuel injection control signal to said fuel in- 
jector at said first start time to control fuel quan- 
tity injected for said first fuel injection, 
said control unit being operative during selec- 
tion of said gasoline reform auto-ignition com- 
bustion mode to determine a second fuel injec- 
tion control signal indicative of the remainder of 
said determined total fuel quantity and applying 
said second fuel injection control signal at said 
second start time to control fuel quantity inject- 
ed for said second fuel injection. 

10. The system as claimed in claim 9, wherein said op- 
erating parameter is indicative of the engine load 
and wherein said control unit calculates said oper- 
ating parameter indicative of the engine load in re- 
sponse to an accelerator pedal position and the en- 
gine speed. 

1 1 . The system as claimed in claim 9, wherein said op- 
erating parameter is indicative of the engine load of 
the internal combustion engine, and wherein said 
control unit selects said gasoline reform auto-igni- 
tion combustion mode when the engine load is less 
than a predetermined value. 

12. The system as claimed in claim 11 , 

wherein said control unit selects said auto-igni- 
tion combustion mode when the engine load 
exceeds said predetermined value, 
wherein said control unit is operative during se- 
lection of said auto-ignition stratified charge 
combustion mode to adjust opening and clos- 
ing timings of said intake means and opening 
andclosingtimings of said exhaust means such 
that said piston reciprocates within said cylin- 
der to perform an exhaust phase, an exhaust 
gas retaining phase, an intake phase, a com- 
pression phase, and an expansion phase, 
wherein said control unit is operative during se- 
lection of said auto-ignition combustion mode 
to provide a third start time of a third fuel injec- 
tion by said fuel injector during said intake 
phase and said compression phase, and 
wherein said control unit is operative during se- 
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lection of said auto-ignition combustion mode 
to determine a third fuel injection control signal 
indicative of said determined total fuel quantity 
and applying said third fuel injection control sig- 
nal at said third start time to control fuel quantity 5 
injected for said third fuel injection. 

1 3. The system as claimed in claim 9. wherein said con- 
trol unit is operative during selection of said gaso- 
line reform auto-ignition combustion mode to hold 10 
said first start time and said second start time invar- 
iable against variation in the engine load. 

1 4. The system as claimed in claim 9 ; wherein said con- 
trol unit is operative during selection of said gaso- 15 
line reform auto-ignition combustion mode to hold 
said first start time invariable against variation in the 
engine load and adjust said second start time in re- 
sponse to the engine load such that said second 
start time advances as the engine load increases. 20 

15. The system as claimed in claim 9, wherein said op- 
erating parameter is indicative of the engine speed 
of the internal combustion engine, and wherein said 
control unit selects said auto-ignition combustion 25 
mode when the engine speed is greater than a pre- 
determined value. 

16. The system as claimed in claim 15, 

30 

wherein said control unit selects said auto-igni- 
tion combustion mode when the engine speed 
drops below said predetermined value, 
wherein said control unit is operative during se- 
lection of said auto-ignition combustion mode 35 
to adjust opening and closing timings of said 
intake means and opening and closing timings 
of said exhaust means such that said piston re- 
ciprocates with in said cylinder to perform an ex- 
haust phase, an exhaust gas retaining phase, 40 
an intake phase, a compression phase, and an 
expansion phase, 

wherein said control unit is operative during se- 
lection of said auto-ignition combustion mode 
to provide a third start time of a third fuel injec- 45 
tion by said fuel injector during said intake 
phase and said compression phase, and 
wherein said control unit is operative during se- 
lection of said auto-ignition combustion mode 
to determine a third fuel injection control signal 50 
indicative of said determined total fuel quantity 
and applying said third fuel injection control sig- 
nal at said third start time to control fuel quantity 
injected for said third fuel injection. 

55 

17. The system as claimed in claim 15, wherein said 
control unit is operative during selection of said 
gasoline reform auto-ignition combustion mode to 



adjust said first start time in response to the engine 
speed such that said first start time advances as the 
engine speed increases and to hold said second 
start time invariable against variation in the engine 
speed. 

18. The system as claimed in claim 15, wherein said 
control unit is operative during selection of said 
gasoline reform auto-ignition combustion mode to 
hold said first start time invariable against variation 
in the engine speed and to adjust said second start 
time in response to the engine speed such that said 
second start time advances as the engine speed in- 
creases. 

19. A computer readable storage device having stored 
therein data representing instructions executable 
by a computer to implement an auto-ignition of 
gasoline internal combustion engine, the engine 
having a piston disposed in a cylinder for recipro- 
cating motion to define a combustion chamber, in- 
take means for admitting fresh air into the cylinder, 
a fuel injector directly communicating with the com- 
bustion chamber, and exhaust means for discharg- 
ing exhaust gas resulting from combustion within 
the cylinder, wherein opening and closing timings 
of the intake means and opening and closing tim- 
ings of the exhaust means are adjustable, the com- 
puter readable storage device comprising: 

instructions for adjusting opening and closing 
timings of the intake means and opening and 
closing timings of the exhaust means such that 
the piston reciprocates within the cylinder to 
perform an exhaust phase, an exhaust gas re- 
taining phase, an intake phase, a compression 
phase, and an expansion phase; 
instructions for providing a first start time of a 
first fuel injection by the fuel injector during said 
exhaust gas retaining phase and a second start 
time of a second fuel injection by the fuel injec- 
tor during said compression phase; 
instructions for determining a portion of total fu- 
el quantity and the remainder of said total fuel 
quantity; 

instructions for determining a first fuel injection 
control signal indicative of said portion of said 
total fuel quantity and applying said first fuel in- 
jection control signal to the fuel injector at said 
first start time to control fuel quantity injected 
for said first fuel injection; and 
instructions for determining a second fuel injec- 
tion control signal indicative of the remainder of 
said total fuel quantity and applying said sec- 
ond fuel injection control signal to the fuel injec- 
tor at said second start time to control fuel 
quantity injected for said second fuel injection. 
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A computer readable storage device having stored 
therein data representing instructions executable 
by a computer to implement an auto-ignition of 
gasoline internal combustion engine, the engine 
having a piston disposed in a cylinder for recipro- 5 
eating motion to define a combustion chamber, in- 
take means for admitting fresh air into the cylinder, 
a fuel injector directly communicating with the com- 
bustion chamber, and exhaust means for discharg- 
ing exhaust gas resulting from combustion within 10 
the cylinder, wherein opening and closing timings 
of the intake means and opening and closing tim- 
ings of the exhaust means are adjustable, the com- 
puter readable storage device comprising: 

15 

instructions for selecting one of a gasoline re- 
form auto-ignition combustion mode and an au- 
to-ignition combustion mode in response to 
magnitude of an operating parameter indicative 
of one of the engine load and the engine speed 20 
of the internal combustion engine; 
instructions for adjusting, during selection of 
said gasoline reform auto-ignition combustion 
mode, opening and closing timings of the intake 
means and opening and closing timings of the 25 
exhaust means such that the piston recipro- 
cates within the cylinder to perform an exhaust 
phase, an exhaust gas retaining phase, an in- 
take phase, a compression phase, and an ex- 
pansion phase; 30 
instructions for providing, during selection of 
said gasoline reform auto-ignition combustion 
mode, a first start time of a first fuel injection by 
the fuel injector during said exhaust gas retain- 
ing phase and a second start time of a second 35 
fuel injection by the fuel injector during said 
compression phase; 

instructions for determining total fuel quantity 
to be injected in response to engine load of the 
internal combustion engine; 40 
instructions for determining, during selection of 
said gasoline reform auto-ignition combustion 
mode, a portion of and the remainder of said 
determined total fuel quantity; 
instructions for determining, during selection of 45 
said gasoline reform auto-ignition combustion 
mode, a first fuel injection control signal indic- 
ative of said portion of said determined total fuel 
quantity and applying said first fuel injection 
control signal to the fuel injector at said first 50 
start time to control fuel quantity injected for 
said first fuel injection; and 
instructions for determining, during selection of 
said gasoline reform auto-ignition combustion 
mode, a second fuel injection control signal in- 55 
dicative of the remainder of said determined to- 
tal fuel quantity and applying said second fuel 
injection control signal to the fuel injector at said 
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second start time to control fuel quantity inject- 
ed for said second fuel injection. 

21. A method for an auto-ignition of gasoline internal 
combustion engine, the engine having a piston dis- 
posed in a cylinder for reciprocating motion to de- 
fine a combustion chamber, intake means for ad- 
mitting fresh air into the cylinder, a fuel injector di- 
rectly communicating with the combustion cham- 
ber, and exhaust means for discharging exhaust 
gas resulting from combustion within the cylinder, 
wherein opening and closing timings of the intake 
means and opening and closing timings of the ex- 
haust means are adjustable, the method compris- 
ing: 

adjusting opening and closing timings of the in- 
take means and opening and closing timings of 
the exhaust means such that the piston recip- 
rocates within the cylinder to perform an ex- 
haust phase, an exhaust gas retaining phase, 
an intake phase, a compression phase, and an 
expansion phase; 

providing a first start time of a first fuel injection 
by the fuel injector during said exhaust gas re- 
taining phase and a second start time of a sec- 
ond fuel injection by the fuel injector during said 
compression phase; 

determining a portion of total fuel quantity and 
the remainder of said total fuel quantity; 
determining a first fuel injection control signal 
indicative of said portion of said total fuel quan- 
tity; 

determining a second fuel injection control sig- 
nal indicative of the remainder of said total fuel 
quantity; 

applying said first fuel injection control signal to 
the fuel injector at said first start time to control 
fuel quantity injected for said first fuel injection; 
and 

applying said second fuel injection control sig- 
nal at said second start time to control fuel 
quantity injected for said second fuel injection. 

22. A method for an auto-ignition of gasoline internal 
combustion engine, the engine having a piston dis- 
posed in a cylinder for reciprocating motion to de- 
fine a combustion chamber, intake means for ad- 
mitting fresh air into the cylinder, a fuel injector di- 
rectly communicating with the combustion cham- 
ber, and exhaust means for discharging exhaust 
gas resulting from combustion within the cylinder, 
wherein opening and closing timings of the intake 
means and opening and closing timings of the ex- 
haust means are adjustable, the method compris- 
ing: 

selecting one of a gasoline reform auto-ignition 
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combustion mode and an auto-ignition com- 
bustion mode in response to magnitude of an 
operating parameter indicative of one of the en- 
gine load and the engine speed of the internal 
combustion engine; 5 
adjusting, during selection of said gasoline re- 
form auto-ignition combustion mode, opening 
and closing timings of the intake means and 
opening and closing timings of the exhaust 
means such that the piston reciprocates within 10 
the cylinder to perform an exhaust phase, an 
exhaust gas retaining phase, an intake phase, 
a compression phase, and an expansion 
phase; 

providing, during selection of said gasoline re- 15 
form auto-ignition combustion mode, a first 
start time of a first fuel injection by the fuel in- 
jector during said exhaust gas retaining phase 
and a second start time of a second fuel injec- 
tion by the fuel injector during said compression 20 
phase; 

determining total fuel quantity to be injected in 
responseto the engine load of the internal com- 
bustion engine; 

determining, during selection of said gasoline 25 
reform auto-ignition combustion mode, a por- 
tion of and the remainder of said determined 
total fuel quantity; 

determining, during selection of said gasoline 
reform auto-ignition combustion mode, a first 30 
fuel injection control signal indicative of said 
portion of said determined total fuel quantity; 
determining, during selection of said gasoline 
reform auto-ignition combustion mode, a sec- 
ond fuel injection control signal indicative of the 35 
remainder of said determined total fuel quanti- 
ty; 

applying said first fuel injection control signal to 
the fuel injector at said first start time to control 
fuel quantity injected for said first fuel injection; 40 
and 

applying said second fuel injection control sig- 
nal to the fuel injector at said second start time 
to control fuel quantity injected for said second 
fuel injection. 45 



50 
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